Impingement of the anterior cruciate ligament (ACL) against the intercondylar notch (ICN) may play a significant role in ACL injuries. However, there is a lack of convenient and accurate methods for evaluating ACL impingement with consideration of the three-dimensional (3-D) notch shape and ACL fibers. In the current study, ACL impingement was modeled using a 3-D geometric knee model that includes multiple ACL pseudofibers, which allowed us to identify the sites of ACL impingement during simulated tibiofemoral movements. The simulation results were compared with impingement force data measured in three cadaveric knees with ACL impingement. Results show that ACL impingement can occur on fibers at the anterolateral aspect of the anteromedial band of the ACL during tibial external rotation and abduction. The computed peak ACL strains of the three knees were 5-8%. The proposed analysis is a practical method for quantitatively evaluating ACL impingement against the ICN, and may lead to useful tools for evaluating ACL impingement in individual patients based on their magnetic resonance imaging data. These analytical tools may guide individualized rehabilitation and reduce potential ACL impingement against the ICN during strenuous tibiofemoral movements.
Introduction
Non-contact anterior cruciate ligament (ACL) injuries are associated with sudden deceleration, abrupt changes in direction on a fixed foot, and landing from a jump [1] [2] [3] [4] . Under these conditions, the ACL may be stretched directly through tibial internal rotation, anterior tibial translation, and/or hyperextension. Alternatively, ACL injuries may also result from movements associated with the combination of tibial external rotation and abduction [5, 6] . Such movements may overload the ACL due to its impingement against the intercondylar notch (ICN) [7] [8] [9] . Furthermore, cell death has been observed in the impinged area of a repeatedly loaded ACL, with no cell death observed in the non-impinged area of the ACL in animal studies [10] . The cell death of the ACL could progressively weaken the tissue and lead to injuries [11] . Therefore, identifying the impinged area of the ACL is important for the prevention of non-contact ACL injuries.
Previous studies have investigated the three-dimensional (3-D) geometry of the ACL and its spatial relationship with the ICN under injury-related kinematic scenarios [7, 8] . In comparison to previous studies investigating the correlation between the ICN width and ACL injuries based on planar geometries of the notch [9, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , studies that consider the 3-D geometries of the ACL and ICN provide information about the kinematic behaviors and possible impingement between the ACL and ICN [7, 8] . However, previous modeling technique utilizing 3-D geometries of the ACL and ICN only considered three ACL bands [7, 8] ; thus, the impinged regions of the ACL fibers against the ICN with consideration of the 3-D notch shape and the subject-specific variation related to ACL fiber length, orientation, and sites of attachments were not characterized. Furthermore, previous studies using the finite element method (FEM) approach for evaluating ACL mechanics under various tibiofemoral conditions [25] [26] [27] can also analyze local 3-D mechanical behavior based on the variable fiber orientation and lengths as the ACL impinges against the ICN. However, the FEM approach involves a time-consuming process for reconstructing the 3-D geometries, meshing, and solving the finite element models, making it impractical for modeling impingement behavior between the ACL and ICN.
Here, we present a convenient 3-D modeling technique for evaluating ACL impingement [7, 8] with consideration of subject-specific variation related to ACL fiber length, orientation, and sites of attachments. The present study characterizes the impingement behaviors between ACL pseudofibers and the ICN. This analysis may lead to practical tools for evaluating ACL impingement in individual patients based on their magnetic resonance imaging (MRI) data.
Materials and methods
Six fresh frozen cadaver knees were initially evaluated for the ACL impingement. Using an arthroscope inserted into the joint space through a small medial parapatellar slit, the general condition of the ACL and the articular surfaces were inspected for joint injuries and disorders. The knees were then manually moved to produce tibial external rotation and abduction at moderate knee flexion. In general, ACL impingement does not occur in every knee. It is thus important to understand what mechanisms and conditions are associated with ACL impingement. Therefore, of the six knees, the three knees that demonstrated impingement of the ACL against the lateral ICN wall during tibial external rotation and abduction (labeled A, B, and C) were analyzed.
Instrumentation
To quantify impingement experimentally, a thin and flexible pressure transducer (6900 series, Tekscan, Inc., South Boston, United States) was used to record the contact pressure between the ACL and the lateral notch wall of the three knees. The pressure transducer was inserted into the joint through a small lateral parapatellar incision, with the knee flexed at 90°. Thumbtacks were used to anchor the pressure transducer securely onto the ICN without puncturing the transducer itself. The distal end of the transducer pointed posteriorly in the notch and the effective sensing area covered the potential area of impingement (Fig. 1) . To validate the impingement model, elongation of the ACL in one of the three knees (specimen A) was measured experimentally using an ultra-miniature differential variable reluctance transducer (UM-DVRT; Microstrain, Inc., Williston, United States), which was implanted onto the anteromedial aspect of the ACL, slightly distal to the mid-length of the ligament, through a medial parapatellar portal with the knee flexed at approximately 90° (Fig. 1) . Special care was taken to ensure that the UM-DVRT was: i) zeroed in the middle of its functional range of measurement when implanted; ii) placed without making contact with the bony surfaces of the ICN wall; and, iii) oriented collinearly with the fibers in the anteromedial region of the ligament. To establish the local anatomical coordinate systems, ten small Phillips screws were first inserted at ten anatomical landmarks on the knee (five on the femur and five on the tibia). The knee was fixed at full knee extension and the 3-D coordinates of the ten landmarks were digitized using the Optotrak TM Motion Tracking System (Northern Digital, Inc., Waterloo, Canada) by placing the tip of the digitizer on the screws where the grooves crossed. Without changing the configuration of the knee, the positions of six infrared markers that were secured onto the bony surfaces of the knee (three on the femur and three on the tibia) and recorded in the Optotrak TM reference coordinate system. The femoral and tibial markers described the 3-D rigid body movements of the femur and tibia, respectively.
Tibiofemoral movement simulation
Following the collection of spatial coordinates of the knee in full extension, the three individual knees were manually loaded to produce tibial external rotation, abduction, and moderate flexion, which have been associated with ACL impingement against the lateral notch wall [8, 28] . Tibiofemoral movements were recorded using the Optotrak TM System by tracking the femoral and tibial markers at 100 Hz. Simultaneously, the pressure transducer recorded the contact pressure between the ACL and the lateral notch wall at 8 Hz ( Fig. 1 ). During the series of simulated movements, an arthroscope was used to monitor the impingement and the stability of the pressure transducer.
Geometric reconstruction of ACL pseudofibers, femur, and tibia
After the movement and pressure data from the knee had been collected, the infrared markers were removed and geometrical data of the knee were acquired. The knee was dissected carefully, with all the soft tissue removed and only the ACL left intact. With the bony surfaces of the femur and tibia completely exposed, the five femoral landmarks plus the lateral epicondyle and the medial epicondyle, and the five tibial landmarks plus a location corresponding to the center of the distal tibial shaft were digitized using the Optotrak TM digitizer.
This was performed to establish relative coordinates among the landmarks and determine the axes of rotation. For the distal femur, the notch width index (NWI) was defined as the intercondylar width divided by the bicondylar width measured at the level of the popliteal groove [22] . To characterize the 3-D geometry of the ACL, a bone block (approximately 20 × 20 × 20 mm 3 ) with the entire ACL insertion site was removed from the tibia. This detachment allowed unobstructed visualization and convenient access to all regions of the ligament. Prior to the removal of the bone block, its rigid body relationship with the tibial landmarks was established through digitization of three miniature screws drilled into the bone block and the five tibial landmarks. The geometry of the ACL was then defined by tracing lines on the visually distinguishable fiber bundles that ran along the surface of the ACL using a fine-tip permanent ink pen. 20-22 lines were marked on the ligament. Each line was considered as a pseudofiber that represented a group of real, superficial ligamentous fibers or fiber bundles with relatively uniform lengths and orientation. Characterizing the ligament based on its reference length is important. As such, the 3-D geometry of the ACL was characterized by digitizing the ink lines using an Optotrak TM digitizing probe with the knee fixed at 30° of flexion (neutral in other DOFs) with the fibers uniformly loaded [29] and the ACL strain near zero [30] . The end points of each digitized line represented the sites of attachment for that pseudofiber. The reference length (corresponding to zero strain) of the pseudofiber was therefore determined as the length of the digitized line. Digitization of each pseudofiber also included the femoral landmarks and the three miniature screws inserted on the tibial bone block. Following the characterization of the ligament by digitization, the specimen was then prepared for characterization of the bony geometry of the femur and tibia. The ACL was removed at its origin and insertion (at the bone block), leaving only the stubs of the ligament on the sites of attachment. The bone block was placed back into its native position on the tibia. The surface geometry of the femur and the tibia was then acquired using a 3-D laser scanner (LPX-250, Roland DG Corp., Japan). Due to the enclosed channel-shaped geometry of the ICN, several scans at different angles were required to capture all the surfaces of the bone. First, a rotary scan at a resolution of 0.2° was performed on a vertically mounted femur to obtain its general longitudinal geometry. Additionally, three planar scans at a pitch of 0.2 mm were performed on the femur at different angles to capture the inner surfaces of the ICN completely by the scanning laser beam. Each scan included at least three of the five femoral landmarks, so that individual scans at a different angle could be merged into point clouds characterizing the entire bone. Specifically, the point clouds that represented the surfaces acquired in multiple scans were registered based on the coordinates of the three common landmarks, resulting in an accurate 3-D model of the distal femur. Similarly, the tibia was acquired using multiple scans to reconstruct its surface geometry. It should be noted that the knee geometry could be reconstructed with computed tomography or MRI images, but the spatial resolution would be limited to the slice width, which often exceeds 1 mm. For the purpose of developing a model of ACL impingement and validating it experimentally, the level of resolution provided by the laser scans was desired.
Modeling analysis using geometries of ACL pseudofibers, femur, and tibia
Segment coordinate systems were defined for the femur and tibia [31] . The transepicondylar line, which passed through the lateral epicondyle and the medial epicondyle, defined the x f and x t axes in the femoral and tibial coordinate systems, respectively. The y t axis was defined as the long axis of the tibial shaft (defined by the distal tibial shaft and the midpoint between the medial epicondyle and the lateral epicondyle) and coincided with the y f axis at the full knee extension [32] . The z f and z t axes were orthogonal to the x f and x t axes, and to the y f and y t axes. The midpoint between the lateral epicondyle and the medial epicondyle was defined as the origin of both systems. Based on the coordinates of the femoral and tibial landmarks, the reconstructed femur and tibia were transformed into their respective coordinate systems. Additionally, the digitized origin and insertion of each pseudofiber were incorporated into the reconstructed model. Six-DoF tibiofemoral kinematics were computed based on the motion tracking data of the three femoral and three tibial markers during the movement sequences in the joint coordinate system (JCS) convention [33] . The corresponding locations of the origin and the insertion of each pseudofiber were also determined in each simulated movement sequence based on the rigid body relationship between the femoral/tibial markers and the origin/insertion of the pseudofibers.
A mathematical algorithm was implemented to evaluate ACL impingement [8] . Briefly, the spatial data points corresponding to the region of interest, the lateral notch wall in this case, were characterized mathematically using bicubic splines continuous to the second derivative [34] . Based on the kinematic positions of each pseudofiber defined by its origin and insertion, the algorithm detected impingement and determined the deformed geometry of the pseudofiber as it wrapped around the fitted surface of the lateral notch during impingement. Strain was determined based on the reference length determined above. The geometry of the deformed path was further characterized by the bending angle, which was the angle by which the path deviated from a straight trajectory. For instance, when no impingement was detected, a straight trajectory would have a 0° bending angle. The location on the notch wall surface in contact with the pseudofiber was marked as the site of impingement. The elongation patterns of the pseudofibers were evaluated together with the experimentally measured contact pressure, and converted to force measurements.
Results
The registration of the multiple laser scans and the individual pseudofibers presented a 3-D geometrical representation of the relevant knee structures (Fig. 2) . The ACL in specimens A, B, and C were characterized by 21, 20, and 22 peripheral fibers, respectively, and NWI values of 0.25, 0.22, and 0.23 respectively. Spatial data points that describe the lateral wall of the ICN (shown in blue) were fitted using bicubic splines. Impingement was evaluated by an algorithm that determines the deformed path of the impinging pseudofibers as they wrap around the fitted surface during simulated movement.
Modeling of the manual tibiofemoral knee movements showed that impingement occurred in the fibers representing the anterolateral portion of the anteromedial band of the ACL. Among these fibers, the contact was consistently located between the mid-segment region toward the femoral attachment site and the bony surface at the anterolateral edge of the notch opening close to the articular cartilage growth. Modeling results from representative movement sequences are shown in Fig. 3 .
Analysis of the ACL behavior of specimen A during a representative movement sequence demonstrated that impingement was detected at 38° of flexion with 6° of abduction and neutral internal/external rotation (beginning of sequence) (Figs. 3(a)-3(d) ). Increase in abduction to 8° and tibial external rotation to 12° resulted in ACL impingement, reaching a contact force of 13 N (at time = 3.0 s). When the knee abduction reached 10°, the contact load correspondingly increased to 30 N (at time = 9.0 s). Impingement was detected in five neighboring pseudofibers. Increases in the strain of fibers 1 and 2, with a maximum magnitude of nearly 8%, are consistent with the increases in the contact force throughout the movement sequence (Fig. 3) . Strain measured by the UM-DVRT, which was implanted on the anteromedial aspect of the ligament, Based on their individual deformed geometry, the strains resulting from impingement were also computed (c, g, k). Additionally, the deformed geometry was represented by the bending angle of the pseudofibers (d, h, l).
showed a similar pattern to that of the contact force and varied consistently with the computed strain patterns and magnitudes of fibers 1 and 2 (Fig. 3) . The maximum bending angle among the pseudofibers reached nearly 12°. Specimen B experienced a weaker impingement response than that of specimen A. Analysis of Specimen B showed that an initial contact load was detected in one pseudofiber at 20° of flexion, 10° of abduction, and 16° of tibial external rotation (time = 3.7 s) (Figs. 3(e)-3(h) ). When the knee flexion angle was decreased to 15°, two pseudofibers experienced impingement, with a maximum strain of 3.4% and a contact load of 3.1 N (time = 8.0 s). A further decrease in knee flexion to 11° resulted in impingement in the same two pseudofibers, reaching a maximum strain of 4.9% and a contact load of 4.5 N (time = 12.0 s). The bending angle that characterized the deformed paths in the impinging pseudofibers reached a maximum of 29.0°. A graphical representation of the simulation at selected time instances is shown in Fig. 4 . For Specimen C, an initial contact was detected at 20° of knee flexion with 12° of abduction and 11° of tibial external rotation. Analysis showed that four of the 20 pseudofibers experienced impingement, with a strain of approximately 2.0%. When the knee was extended to 11° with 9° of abduction and 9° tibial external rotation toward the end of the sequence, the force of impingement measured experimentally reached 7.0 N. Contact was detected in the same four pseudofibers and one additional fiber with the maximum strain reaching 5.6%. The deformed geometry of the fibers was characterized by a maximum bending angle of 17°.
Discussion
The present study characterized the impingement of ACL pseudofibers against the ICN in three dimensions. In addition to the bony surfaces geometry, the modeling incorporated the anatomical characterization of the variable fiber alignment and lengths along the surfaces of the ligament, defined as individual pseudofibers in the model. Modeling results showed that impingement could occur in the pseudofibers at the anterolateral portion of the anteromedial band of the ligament in cadaveric knees during the simulated tibiofemoral movements involving tibial external rotation and abduction at moderate knee flexion. The contact force patterns from the experiment were consistent with the strain patterns of those pseudofibers at a substantial strain magnitude and deviation from a straight trajectory. Further, the results of the modeling analysis (specimen B) demonstrated sensitivity of detecting impingement in pseudofibers that corresponded to only 2 N of contact force from the experiment. Since the measured strain from the UM-DVRT increased with the computed strain of the pseudofibers that contributed to the force of impingement, the model characterized deformation of the various portions of the ACL during impingement resulting from the differential lengths and orientation of the pseudofibers.
The simulated sequences, which were generated by manual manipulation of the knee specimens, featured movements between approximately 40° of flexion and near full extension with variations in combined abduction (up to 15°) and tibial external rotation (up to 16°). These movements reached magnitudes in the joint angles similar to those reported in a recent study on non-contact injury mechanisms of the ACL [28] , and our results demonstrated impinged behaviors of the ACL pseudofibers against the ICN. In the simulated sequences, the pseudofibers that experienced impingement reached strain levels corresponding to the upper range of strain measured in vivo using a strain transducer sutured on the anteromedial band during functional tasks [35, 36] . Jump landing under in vivo conditions has been shown to induce a mean strain of 5.47% in the ACL, which exceeds the strain induced by a Lachman test (2.0%) [37] . During actual injury scenarios, the impinging ACL may stretch sufficiently to cause an injury directly because the knee sustains loading from ground impact and contractions of muscles that cross the knee based on the results from the current experimental conditions. Furthermore, because the widths of the ICN in the three knees were relatively moderate according to data in the literature [12] , reduced notch dimensions may cause impingement more readily. Impingement may be more likely to occur in women who have higher knee laxity than that of men, including in tibial external rotation [38] . Practically, impingement-related injuries may not necessarily cause acute rupture of the ACL. It is also plausible that an ACL rupture is caused by accumulated subrupture damage resulting from repeated episodes of impingement [10] . A subsequent acute event of excessive loading to the ACL on ground impact, for example, may then tear the weakened ACL.
There were limitations in the current study. Firstly, the ACL impingement was detected and measured in only three knees. Knees without ACL impingement under the simulated conditions were not characterized in this study. Because the focus of this study was to characterize ACL impingement using a simple model with validation based on experimental impingement data, data obtained in these specimens were sufficient for the purpose. The impinged and non-impinged behavior of the ACL against the ICN has been previously investigated [7, 8] , and thus knees without impingement were not analyzed in the current study. The current approach of utilizing pseudofibers can identify impinged regions of ACL fibers, which may be suitable for future studies for evaluating the major impingement phenomena of contacting and wrapping in a large population of knees. Secondly, movement sequences simulated in the specimens were not standardized. The movements were generated manually within a range of knee angles that had been previously reported to be associated with the risk of injury by ACL impingement. Future analysis may use a common tibiofemoral movement typically associated with ACL impingement across multiple knees for more consistent evaluations.
Despite these aforementioned limitations, the current analysis is feasible and may lead to a clinical screening tool for evaluating an individual's susceptibility to impingement. If a knee is found to have high susceptibility of impingement at the lateral wall of the notch during tibial external rotation and/or valgus movement, training protocols may be focused on reducing such tibial external rotation/valgus motions by selectively strengthening muscles crossing the knee to reduce the ACL injury risk factor. Hyperextension and associated tibial abduction and rotation may also cause ACL impingement [39] . In this case, the ACL is disrupted by the roof of the ICN [8, 18] . Previous cadaveric experiments have demonstrated that hyperextension itself may load the ACL excessively through direct stretching [5, [40] [41] [42] . By employing the current modeling strategy, ACL impingement against the ICN roof can be investigated and specific geometric features of the notch roof that may disrupt the ACL can be identified.
The present study tested the feasibility of characterizing the 3-D spatial interaction between the ICN and the ACL pseudofibers using 3-D geometric modeling. Importantly, the proposed technique is based on characterizing the local anatomical features of ACL fibers, such as fiber length and orientation, which affect impingement against the ICN during tibiofemoral movements. Future works can apply the proposed method to the MRIs of individuals' knees, whereby the anatomy can be reconstructed in 3-D using the stacked images, for potential clinical use. Using this technique, the extent to which the ACL fibers are stretched regionally during impingement, and possibly leading to an injury, can be evaluated and potential applications for the practical and clinical analysis of impingement susceptibility across multiple subjects can be developed.
Conclusion
This study tested the feasibility of using a 3-D modeling technique that is simple to implement for evaluating ACL impingement on a subject-specific basis, characterizing both complex notch geometry and ACL fiber arrangement. The modeling technique demonstrated agreement with experimental measurements assessed using a cadaveric knee and, importantly, allows evaluation of regional mechanical behavior, which varies across the ligament due to differences in fiber orientation and lengths. With further development, the modeling technique may be implemented as a practical clinical tool to support subject-specific injury prevention strategies and guide individualized post-injury rehabilitation protocols.
